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Abstract

The goal of this study was to investigate the potential for atmospheric Hg� uptake by grassland species as a function of different air
and soil Hg exposures, and to specifically test how increasing atmospheric CO2 concentrations may influence foliar Hg concentrations.
Four common tallgrass prairie species were germinated and grown for 7 months in environmentally controlled chambers using two dif-
ferent atmospheric elemental mercury (Hg�; 3.7 ± 2.0 and 10.2 ± 3.5 ng m�3), soil Hg (<0.01 and 0.15 ± 0.08 lg g�1), and atmospheric
carbon dioxide (CO2) (390 ± 18, 598 ± 22 lmol mol�1) exposures. Species used included two C4 grasses and two C3 forbs. Elevated CO2

concentrations led to lower foliar Hg concentrations in plants exposed to low (i.e., ambient) air Hg� concentrations, but no CO2 effect
was apparent at higher air Hg� exposure. The observed CO2 effect suggests that leaf Hg uptake might be controlled by leaf physiological
processes such as stomatal conductance which is typically reduced under elevated CO2. Foliar tissue exposed to elevated air Hg� con-
centrations had higher concentrations than those exposed to low air Hg�, but only when also exposed to elevated CO2. The relationships
for foliar Hg concentrations at different atmospheric CO2 and Hg� exposures indicate that these species may have a limited capacity for
Hg storage; at ambient CO2 concentrations all Hg absorption sites in leaves may have been saturated while at elevated CO2 when sto-
matal conductance was reduced saturation may have been reached only at higher concentrations of atmospheric Hg�. Foliar Hg concen-
trations were not correlated to soil Hg exposures, except for one of the four species (Rudbeckia hirta). Higher soil Hg concentrations
resulted in high root Hg concentrations and considerably increased the percentage of total plant Hg allocated to roots. The large shifts
in Hg allocation patterns—notably under soil conditions only slightly above natural background levels—indicate a potentially strong
role of plants in belowground Hg transformation and cycling processes.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The predominant mercury (Hg) species (�95%) in the
atmosphere is elemental mercury (Hg�) (Fitzgerald et al.,
1991), with the remaining �5% consisting of reactive gas-
eous mercury and particulate Hg (Schroeder and Munthe,
1998). Current global anthropogenic Hg emissions to the
atmosphere are thought to be three times pre-industrial
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anthropogenic emissions (Seigneur et al., 2004). Recent
work has shown that plant foliage can be a significant sink
for atmospheric Hg� (Hanson et al., 1995; Ericksen et al.,
2003; Frescholtz et al., 2003; Schwesig and Krebs, 2003)
and that litterfall can be an important source of Hg to
the terrestrial ecosystem (Frescholtz et al., 2003). Foliar
Hg concentrations can vary widely as a function of species
type (Rasmussen, 1995; Schwesig and Krebs, 2003). Fres-
choltz et al. (2003) showed that aspen foliage accumulated
Hg over time and that leaf Hg concentrations were pre-
dominantly controlled by atmosphere Hg� concentrations
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with a minor influence of soil Hg concentrations. Three
potential pathways for Hg movement into foliage have
been suggested: (1) cuticular uptake of Hg either from
dry or wet deposition to the leaf surface (Lindberg et al.,
1992, 1994); (2) direct uptake of gaseous Hg� through sto-
mata (Browne and Fang, 1978; Mosbaek et al., 1988;
Ericksen et al., 2003; Schwesig and Krebs, 2003); and (3)
uptake from the soil and translocation to the leaf via the
transpiration stream (Bishop et al., 1998; Leonard et al.,
1998).

The present atmospheric carbon dioxide (CO2) concen-
tration is the highest recorded in the last 420000 years
(Petit et al., 1999) (�360 lmol mol�1) and a rapid concen-
tration increase has occurred in the last 120 years (Inter-
governmental Panel on Climate Change, 2001). This
ongoing change has the potential to impact accumulation
and turnover of Hg by plants since plant responses to ele-
vated CO2 can potentially affect all three pathways of Hg
uptake. For example, elevated CO2 exposures decrease sto-
matal conductance and abundance (Knapp et al., 1993;
Owensby et al., 1997) and have been found to alter biomass
production and species composition (Owensby et al., 1999;
Zavaleta et al., 2003). To our knowledge, there have been
no studies to date that looked at the influence of atmo-
spheric CO2 concentrations on foliar uptake of atmo-
spheric Hg�.

The goal of this study was to investigate atmospheric
Hg� uptake by grassland species as a function of different
air and soil Hg exposures, and to specifically test how
increasing atmospheric CO2 concentrations may affect this.
The study used two grasses and two forbs common in tall
grass prairie ecosystems. The plant species have physiolog-
ical differences and different growth patterns. In addition,
the two forbs, Chamaecrista nictitans (partridge pea) and
Rudbeckia hirta (blackeyed Susan) use a different photo-
Fig. 1. Schematic showing the experimental design for the project. Split-plo
concentration and plant species were nested treatments within air manipulatio
exposures (eight pots each), and four tallgrass prairie species. Circles within ea
(rows: 1 = A. gerardii; 2 = S. nutans; 3 = C. nictitans; 4 = R. hirta).
synthetic pathway (i.e. C3 pathway) compared to the two
grasses Andropogon gerardii (big bluestem grass) and Sor-

ghastrum nutans (Indiangrass) (C4 species). C3 species gen-
erally show stronger responses to elevated CO2 when
compared to C4 species, which are CO2-saturated already
at ambient CO2 conditions (Hopkins, 1999). The research
hypotheses for this project were: (1) elevated atmospheric
CO2 concentrations would result in reduced foliar Hg con-
centrations due to reduced stomatal conductance; (2) ele-
vated CO2 concentrations would have a greater effect on
leaf Hg concentrations for C3 species than C4 species, (3)
foliar Hg concentrations would be influenced primarily
by air Hg� concentrations, and (4) root Hg concentrations
would be influenced primarily by soil Hg concentrations.

2. Materials and methods

The experiment was conducted using environmentally
controlled, naturally lit plant growth chambers or ecopods,
located in the Frits Went Greenhouse at the Desert
Research Institute (Reno, Nevada, USA). Ecopods (dimen-
sions: 1.14 m · 0.99 m · 1.48 m) are totally enclosed with
glass on all four sides and the top. Air temperatures inside
ecopods were maintained at 14.8 ± 0.4 �C during nighttime
hours and 24.8 ± 0.7 �C during daytime hours, with day
and night hours based on incident light measured by a pho-
ton-flux sensor (Li-Cor, Lincoln, NE, USA). Each of the
eight ecopods housed 16 plant pots made of polyvinyl chlo-
ride pipe (diameter, 15 cm; length, 46 cm) with a pipe cap
at base. Plants were grouped according to species in the
ecopods. Air was well mixed in each pod.

The experiment used a split-plot design with air Hg� and
CO2 concentrations as main factors and soil Hg concentra-
tions and plant species nested within air manipulations
(Fig. 1). Atmospheric exposures in the ecopods were
t design with air Hg� and CO2 concentrations as main factors. Soil Hg
ns. Each ecopod housed a total of 16 pots with two soil Hg concentration
ch ecopod represent pots, each of which contained one of the four species
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applied in a full factorial design in two replicates with two
CO2 concentrations (ambient greenhouse: 390 ± 18 lmol
mol�1; elevated 598 ± 22 lmol mol�1) and two air Hg�
concentrations (ambient greenhouse: 3.7 ± 2.0 ng m�3; ele-
vated: 10.2 ± 3.5 ng m�3) (Fig. 1). Carbon dioxide expo-
sures were initiated at the start of the experiment and
atmospheric Hg� exposures were started once seeds had
germinated at week seven. Gaseous Hg� for the elevated
air Hg� exposure ecopods was produced using permeation
tubes (VICI Metronics, Poulsbo, Washington, USA) con-
tained in glass housing and submerged in a constant-
temperature (38 �C) water bath. The amended air was
introduced to ecopod air supply at a controlled rate using
a mass flow controller. Total gaseous Hg� concentrations
were monitored using a TekranTM 2357 A Hg analyzer (Tor-
onto, ON, Canada) and a computer-controlled six-valve
solenoid switching unit that allowed for five minute sam-
pling in each ecopod. The TekranTM 2357A analyzer is
thought to measure predominantly Hg� (Lindberg et al.,
2002a,b). Carbon dioxide was added using a gas cylinder
(100% CO2) with flows controlled automatically to main-
tain programmed concentrations (Verburg et al., 2004).
Carbon dioxide concentrations were monitored using a
Li-Cor 6252 (Lincoln, NE, USA) analyzer and a solenoid
switching unit. Data were averaged over 5 min intervals
and recorded using a data logger (Model 10X, Campbell
Scientific Inc., Logan, USA).

Soil was collected from a grassland field site at the Kess-
ler Farm Field Laboratory near Norman, Oklahoma,
USA. Half of all plants were grown in unamended soil
(<0.01 lg Hg g�1) which is further referred to as back-
ground soil Hg concentrations. The remaining plants were
grown in this same soil amended with mercury chloride
(HgCl2) to obtain a higher soil Hg concentration of
0.15 ± 0.08 (standard deviation) lg g�1. Mercury chloride
was chosen as the amendment form because it is thought
to be one of the Hg species entering terrestrial ecosystems
from precipitation (Schroeder and Munthe, 1998). This
chemical form was easy to obtain and add to the soils
and is water soluble making it available to plants in soil
solution. Total Hg concentrations in soil were determined
by the Nevada Bureau of Mines and Geology using cold
vapor atomic spectrometry after digestion in aqua regia

(Lechler, 1999).
Approximately 20 seeds (Ion Exchange Seed Company,

Harpers Ferry, Iowa, USA) of one of the four species were
sown (128 total pots; 32 pots per species), germinated and
grown in each pot. The pots were watered twice daily with
greenhouse tap water (3.9 ± 1.1 ng Hg l�1) for the first two
months, then once a day for the following month, and then
every other day for the last four months. Water content in
soil was checked biweekly to maintain approximately 15%
water content based on weight. Total Hg concentrations in
irrigation samples were determined bimonthly by oxidation
of the sample with 0.1 M bromine monochloride followed
by stannous chloride reduction with the Hg� then purged
onto gold-coated silica sand traps using pre-purified N2
gas. Mercury on traps was quantified using dual amalgam-
ation and cold-vapor atomic fluorescence spectrometry
(Bloom and Fitzgerald, 1988).

The first foliage harvest was done one week after plant
germination, once sufficient plant tissue was available,
and then followed by four monthly harvests of one whole
plant from each pot. Plant shoots were cut just above the
soil surface using a clean razor blade and placed on
a Kim Wipe�. Harvested plants were then rinsed by sub-
merging each plant, using Teflon�-coated tweezers, in
two large acid-cleaned glass Petri� dishes filled with
�100 ml of 18.2 MX/cm deionized water. New water was
used for each plant. Rinsed plant material was then placed
in Ziploc� sandwich bags, so as to show the entire plant
leaf area, and bags were photocopied and scanned to deter-
mine leaf areas using an imaging software program (Image
Pro-Plus 4.5.1.22. Media Cybernetics, Silver Spring, MD,
USA).

Plant material was frozen with liquid nitrogen and
homogenized using acid-cleaned mortar and pestles and
placed in vials (Fisher Scientific, Fair Lawn, NJ, USA)
within one day after harvesting. Filled pre-weighed vials
were lyophilized for 48 h (Virtis Benchtop 3L, Gardiner,
NY, USA), the dry weight of plant tissue recorded, and
then stored at �20 �C until analyses. Liquid nitrogen and
lyophilization have been reported to have no effect on Hg
concentrations (Kolka et al., 1999; Ericksen et al., 2003).
Plant samples were analyzed for Hg content using a Mile-
stoneTM DMA 80 (Monroe, CT, USA; EPA method 7473),
which determines total Hg by thermal decomposition,
amalgamation, and atomic absorption spectrometry. Daily
calibration checks were performed using at least three cer-
tified reference materials (National Institute of Standards
and Technology, Gaithersburg, MD, USA; NIST standard
reference material #1515, #1547, #1573a, and #2709).
Error for standards was less than 5% and triplicate analy-
ses of every tenth sample analyzed showed minimal sample
variance (aboveground tissue, n = 50, coefficient of vari-
ance = 8.4 ± 7.2%; belowground tissue, n = 13, coefficient
of variance = 29.2 ± 19.2%). All data presented for tissue
Hg concentrations are a function of dry weight.

At the end of the experiment, all aboveground biomass
was sequentially harvested between the 27th and the 29th
weeks of the experiment. Leaves, stems, and petioles were
separated and each plant component was washed and
placed in pre-weighed vials. The washing procedure for
all aboveground plant tissue was the same as described
above. Plant material was then lyophilized and total dry
mass and Hg concentration of each component deter-
mined. The roots of all four species were separately
harvested the 29–32nd weeks of the experiment. Small
sub-samples of washed root material from each pot were
placed in vials, lyophilized and then analyzed for total
Hg. The remaining root material was dried for 48 h at
55 �C and weighed. Before Hg analysis, all above and
belowground materials were homogenized in a small stain-
less steel grinder. Leaf areas for vegetation were calculated
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using an allometric relationship between leaf area (LI-3100
leaf area meter, LI-COR, Lincoln, NE) and dry weight
using subsets from each treatment (n = 48).

ANOVA analyses of the dependent variable leaf mer-
cury concentration were done using all harvest data with
the exception of the first (see Section 3) using the indepen-
dent variables CO2 (n = 2; ambient CO2: 390 lmol mol�1

and elevated CO2: 598 lmol mol�1), air Hg� concentra-
tions (Hg�air; n = 2; ambient air: 3.7 ng m�3 and elevated:
10.2 ng m�3), soil Hg concentration (Hgsoil; n = 2: low soil
Hg: <0.01 lg g�1 and high soil Hg: 0.15 lg g�1), species
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tical Package� (NCSS) 2004. Relationships were consid-
ered statistically significant when p < 0.05.

3. Results

Tissue Hg concentrations for similar exposures in repli-
cate pods were not statistically significantly different. The
good reproduction of foliar Hg concentrations between
replicate pods has been seen in other studies using the same
experimental design (Frescholtz et al., 2003; Millhollen
et al., submitted for publication. A significant effect of soil
Hg concentrations was found based on ANOVA analyses
using foliar tissue concentrations from all harvests except
the first (P < 0.001; Table 2). This result however, was
Table 2
P values for ANOVA Analyses using all foliar Hg concentrations collected af

Source df

Panel a: ANOVA of all treatments

CO2 1
Hgair 1
Species 3
Hgsoil 1
Time 1
Residual 372
Total 379

Panel b: Separate ANOVAs for plants exposed to Hgair ambient and Hgair elev

CO2 1
Species 3
Hgsoil 1
Time 1
Residual 184/182

Total 190/188

Panel c: Separate ANOVAs for plants exposed to CO2 ambient and CO2 elevat

Hgair 1
Species 3
Hgsoil 1
Time 1
Residual 182/184

Total 188/190

Table 1
Mean Hg concentration and standard deviation in aboveground plant parts
concentrations and soil Hg concentrations (low = <0.01 lg g�1; high = 0.15 l

Species 390 ppm CO2

Soil Hg Hg concentration
(lg g�1)

n Soil Hg Hg concentration
(lg g�1)

Air 4 ng Hg m�3

A. gerardii Low 0.12 ± 0.09 4 High 0.14 ± 0.11
S. nutans Low 0.07 ± 0.05 4 High 0.07 ± 0.05
R. hirta Low 0.09 ± 0.09 4 High 0.19 ± 0.17
C. nictitans Low 0.10 ± 0.11 4 High 0.10 ± 0.13

Air 10 ng Hg m�3

A. gerardii Low 0.06 ± 0.03 4 High 0.05 ± 0.02
S. nutans Low 0.03 ± 0.01 4 High 0.04 ± 0.02
R. hirta Low 0.21 ± 0.11 4 High 0.29 ± 0.14
C. nictitans Low 0.06 ± 0.06 4 High 0.10 ± 0.09

Letters denote the comparisons that were statistically significant different.
based on the statistical effect of one species (R. hirta) only,
and the effect disappeared when R. hirta was removed from
the analysis. Thus, in Fig. 2, tissue Hg concentrations for
the two soil Hg exposures were combined in order to clarify
effects of air CO2 and air Hg� exposures on foliar Hg
concentrations.

For some species, the highest foliar concentrations and
the most variable concentrations were observed at the first
harvest (more often at the high CO2 and high Hg� air expo-
sures). Because of this and other reasons described below,
the data from the first harvest which immediately followed
plant germination were not used for analyses investigating
the effect of air Hg� and air CO2 concentrations on foliar
Hg concentrations. Using data from the last three harvest
ter the first harvest

MS P

0.020 0.004

0.023 0.002

0.083 <0.001

0.027 <0.001

0.118 <0.001

0.002
0.004

ated (bold letters)

0.055/0.001 <0.001/0.523

0.020/0.072 <0.001/ < 0.001

0.010/0.018 0.023/0.009

0.036/0.088 <0.001/ < 0.001

0.002/0.003

0.003/0.004

ed (bold letters)

0.001/0.585 0.603/ < 0.001
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0.015/0.012 0.021/0.009

0.089/0.035 <0.001/ < 0.001

0.003/0.002

0.004/0.003

at the final harvest (t = 30–32 weeks) as a function of air Hg and CO2

g g�1)

600 ppm CO2

n Soil Hg Hg concentration
(lg g�1)

n Soil Hg Hg concentration
(lg g�1)

n

4 Low 0.05 ± 0.04 4 High 0.04 ± 0.03 4
4 Low 0.02 ± 0.01 4 High 0.03 ± 0.02 4
4 Low 0.05 ± 0.03 a 4 High 0.11 ± 0.07 ac 4
4 Low 0.05 ± 0.04 3 High 0.03 ± 0.02 4

4 Low 0.13 ± 0.11 4 High 0.19 ± 0.11 4
4 Low 0.08 ± 0.06 4 High 0.08 ± 0.06 4
3 Low 0.09 ± 0.03 b 4 High 0.21 ± 0.03 bc 4
4 Low 0.08 ± 0.08 4 High 0.08 ± 0.07 4
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dates foliar Hg concentrations of the four species were sig-
nificantly lower under elevated CO2 compared to plants
exposed to ambient CO2 concentrations (Fig. 2; Table 2).
This CO2 effect, however, was only observed when plants
were also exposed to ambient Hg� air concentrations (i.e.,
4 ng m�3; Table 2b). The observed CO2 effects observed
at ambient Hg� exposure became apparent at the second
harvest (i.e., six weeks after germination) and the mean
concentration differences increased during the experiment.
No statistically significant CO2 effect was observed when
plants were exposed to higher air Hg� concentrations
(i.e., 10 ng m�3). When analyzed at the level of individual
species using data from the last harvest, statistical signifi-
cance of the CO2 exposure influence on foliar Hg concen-
trations was only found for R. hirta. Although this data
suggests differences among the four species, the large vari-
ability of measured Hg concentrations resulted in a lack of
the statistical power necessary to properly assess species-
specific responses or the behavior of different functional
groups (e.g., C3 plants versus C4 plants) at the replications
implemented in this study. Elevated CO2 concentrations
did not significantly increase aboveground biomass and
leaf areas of any of the species. Effects of air Hg� exposure
on foliar Hg concentrations differed between the two CO2

treatments (Fig. 2, Table 2c). At ambient CO2 concentra-
tions, no differences in foliar tissue Hg concentrations were
observed between the two air Hg� exposures, but at ele-
vated CO2 foliar Hg concentrations were significantly
greater at the higher atmospheric Hg� concentrations
(Fig. 2; Tables 1 and 2c).

From harvest two to harvest four, there was a significant
increase in foliar Hg concentration (Fig. 2; Table 2),
although this effect disappeared when data of the first har-
vest (i.e., immediately after germination) was included. The
significance of time from harvest two to harvest four was
supported by linear regression analyses (data not shown)
that indicated weak but significant correlations of Hg foliar
tissue concentration with time for all species (coefficients of
variability, r2, ranged from 0.05 to 0.2 for the four species).

Mercury concentrations in root tissue of all four species
at the final harvest were significantly greater for plants
grown in high Hg soil versus low Hg soil concentration
exposures (Fig. 3) with concentrations up to 100 times
higher. Root Hg concentrations, however, were not influ-
enced by air Hg� and CO2 exposures. Root Hg concentra-
tions were similar among the four species. Atmospheric
CO2 exposures were not found to have resulted in any
increased root biomass.

Fig. 4 illustrates the percent total Hg in aboveground
and root tissue for the four species as a function of soil
Hg concentration exposures. When plants were grown in
unamended background soils, a higher percentage of Hg
was in the aboveground tissue which contained 50–70%
of the total plant mercury. When plants were grown in soils
amended with HgCl2, belowground tissue contained the
largest percentage of total Hg (74–95%), with aboveground
tissue containing a smaller percent (5–26%).
4. Discussion

The observed reduction in foliar Hg concentrations
under elevated atmospheric CO2 concentrations and low
ambient air Hg� exposure supports our first hypothesis that
CO2 can reduce Hg uptake of plants under certain condi-
tions. The lower foliar Hg concentrations at the higher
CO2 exposures may be due to reduced stomatal conduc-
tance which has been observed at elevated CO2 concentra-
tions (30–50%: Woodward et al., 1991). In contrast there
were no consistent CO2 effects on foliar Hg concentrations
when plants were grown under elevated air Hg� concentra-
tions. Leaf areas and biomass were not affected by elevated
CO2 or Hg exposures suggesting that changes in plant sur-
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face area was not driving the observed lower foliar Hg con-
centrations at the higher CO2 exposure.

A possible reason for the occurrence of a CO2 effect
under low Hg� exposure concentrations, and the disappear-
ance of a clear effect at higher Hg� levels, is that reduced
stomatal conductance under elevated CO2 might limit the
transport of atmospheric Hg� into leaves, a limitation that
disappears when atmospheric Hg� concentrations are high.
A very similar interaction between atmospheric Hg� and
CO2 was apparent for the two air Hg� exposures: increased
air Hg� concentrations were correlated with increased
foliar Hg concentrations only at elevated CO2 exposures,
or in other words when stomatal conductance was low.
These apparent interactions between atmospheric CO2

and Hg� exposure might indicate a maximum capacity of
Hg� that can be assimilated or stored in leaves; all absorp-
tion sites in leaves might become saturated when air Hg�
are high (i.e. under high atmospheric Hg� exposure) or
when stomatal conductance is high (i.e. ambient CO2),
but not under ambient atmospheric Hg� levels when stoma-
tal conductance is reduced because of elevated CO2. The
contrasting CO2 effects as a function of atmospheric Hg�
conditions also point towards the air as the source of Hg
in leaves as opposed to Hg transport by the transpiration
stream, although detailed studies of Hg uptake and alloca-
tion patterns in plant leaves are necessary to confirm
this.

This study did not support the second hypothesis that
CO2 exposures would have greater influence on Hg uptake
for C3 species compared to C4 species. Although figures
and ANOVAs indicate the presence of some species differ-
ences, the statistical power to detect species-specific
responses or to assess responses of functional groups (i.e.,
C3 versus C4 plants) was not high enough against the large
variability in observed foliage Hg concentrations. Due to
the low exposure treatments selected in our study as com-
pared to some other studies (e.g., high air Hg� concen-
trations of 10 ng m�3 compared to 70 ng m�3 [Frescholtz
et al., 2003] or 30 ng m�3 [Ericksen and Gustin, 2004]) the
differences between treatments were generally small and dif-
ficult to detect against the large background variability. The
data from these low exposure treatments yielded results of
ecological significance for the range of soil and air treat-
ments utilized are similar to levels observed in natural set-
tings, while most previous controlled experimental work
has been done at higher exposure concentrations.

If all species are lumped together foliar Hg concentra-
tions were significantly different as a function of soil Hg
exposures (Table 2); however, this result was purely driven
by R. hirta (discussed in detail below). None of the other
three species showed a statistical relationship between
foliar Hg concentrations and soil Hg concentrations. The
observed interactions of CO2 and air Hg concentrations,
along with the fact that soil Hg concentration only influ-
enced foliar Hg concentration in one of the four species,
supports the third hypothesis that air Hg concentrations
are more important in influencing foliar Hg concentrations
than soil Hg concentrations. These results are in agreement
with results from Frescholtz et al. (2003) which indicated
that aspen leaf Hg concentrations were predominantly con-
trolled by atmosphere Hg� concentrations with soil Hg
concentrations exerting a minor influence.

The foliar concentrations of the same grassland species
grown in situ at the Kessler experimental farm near Nor-
man, Oklahoma and in a mesocosm study (Obrist et al.,
2005), exposed to the same soil substrate (<0.01 lg Hg g�1)
but to lower atmospheric Hg� concentrations (1.6–
2 ng m�3), were much lower (�0.002–0.02 lg g�1; Stam-
enkovic and Gustin, personal communication) as compared
to this study. Possibly, the increase from the global ambient
background levels (�1.6 ng m�3; Schroeder and Munthe,
1998; Lamborg et al., 2002) to the indoor concentrations
observed in this greenhouse study (e.g. 4 ng m�3 in the pres-
ent study) might have a larger effect on foliar Hg levels than
further increases in atmospheric Hg� applied in our study
(e.g., from 4 to 10 ng m�3). However, other possible reasons
for the difference in field and laboratory derived data are
many, including different age of plants or the use of undis-
turbed versus disturbed soils. The lower foliar concentra-
tions observed in the field as compared to this greenhouse
study, however, raises important questions about the appli-
cability and extrapolation of greenhouse study results to the
field.

As mentioned above, if foliar Hg concentrations are
compared as a function of soil exposures, the only species
with a significant difference is R. hirta. Compared to the
three other species, R. hirta has large basal leaves which
are covered by short coarse hairs that grow close to the soil
surface. Since R. hirta has leaves closer to the soil surface
than the other species studied, emission of soil Hg and sub-
sequent uptake by the basal leaves or contamination of
leaves by soil substrate may have influenced foliar Hg con-
centrations. Similar to our study, Ericksen et al. (2003)
found no variation in leaf Hg concentrations between soil
Hg exposures, but Frescholtz et al. (2003) found that soil
Hg concentrations significantly influenced aspen leaf Hg
concentration. However, soil concentrations applied in
their study were much higher than in this study, and statis-
tical analyses overall indicated a more important influence
of air Hg� concentrations on foliar Hg� concentrations
when compared to soil exposure concentrations.

ANOVA analyses comparing foliar Hg concentrations
as a function of time for all data collected after the first
harvest indicate a significant increase in concentrations as
a function of time, and regression analyses for each species
support these time trends although the correlation coeffi-
cients were low. Foliar Hg concentrations observed at the
first harvest, which occurred only a week after germination,
were most variable and in some cases greater than the fol-
lowing harvest. The high and variable tissue Hg concentra-
tions measured in this initial harvest may have been due to
leaves being very close to the soil surface resulting in Hg
emitted from the soils being adsorbed by plant tissue.
However, it is noteworthy that the high initial harvest Hg
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concentrations were most often associated with the high
CO2 and high Hg exposures. This may indicate that there
was some physiological or morphological effect of the
exposure conditions initially on the plants that influenced
air Hg uptake. It is important to mention that the foliar
Hg data presented in our study are concentrations and
do not represent total Hg uptake by plant foliage. Time
trends of total foliar Hg accumulation on a biomass basis
would be more pronounced than the presented Hg concen-
trations on a dry weight basis. Because leaf biomass and
leaf area were not affected by air Hg and air CO2 concen-
trations, however, the reported CO2 and air Hg effects
are also valid for total Hg uptake of plants.

Root tissue Hg concentrations at the final harvest
increased with increasing soil Hg concentrations for all
four plant species. This result is consistent with other stud-
ies (Lindberg et al., 1979; Cocking et al., 1995; Ericksen
et al., 2003; Frescholtz et al., 2003); however, the current
study was different from others in that soil Hg exposure
concentrations were significantly lower in magnitude and
range, and similar to that expected in much of the global
terrestrial landscape (Connor and Shacklette, 1975; Zhang
et al., 2001; Ericksen et al., in press). It was striking that an
increase of soil concentrations from <0.01 to 0.15 lg g�1,
with the latter only slightly above global natural back-
ground, led to a shift of Hg being allocated mainly in
aboveground compartments (50–70% of total plant Hg)
to predominately being allocated in roots (74–95%). This
shift in Hg allocation from aboveground to belowground
tissues indicates a potentially strong role of plants in
belowground Hg transformation and cycling processes.
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